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NBS Liquid Oxygen Converter 


A liquid oxygen converter’ having significant ad- 
vantages for use in high-altitude flight has been de- 
veloped by W. A. Wildhack and associates of the 
National Bureau of Standards with the cooperation of 
the Bureau of Aeronautics, Department of the Navy. 
The converter is fully automatic, requiring no electric 
or other source of power. Its compactness and greatly 
reduced weight represent a decided advance over gase- 
ous equipment now used to supply breathing oxygen in 
aircraft. Other desirable features include sturdiness, 
simplicity of design and operation, rapid attainment of 
operating pressure, economy of oxygen, and delivery 
of warm gas. 

In addition to its use in aviation, gaseous oxygen has 
many other applications in modern science and tech- 
nology; in the welding and cutting of metals, in manu- 
facturing and refining processes, in the operation of 
certain types of engines and rockets, and in medical 
treatment. » For all of these uses, both weight and bulk 
of containers can be greatly reduced if the oxygen is 
stored in liquid form. Liquid oxygen is five times as 
dense as oxygen gas under 2,000 pounds per square 
inch, the pressure to which most standard oxygen tanks 
are filled; and as the liquid oxygen may be stored and 
used at relatively low pressures, the container and fit- 
tings for liquid use weigh considerably less than the 
containers for the same weight of gas, in some Cases as 


1 Based on a paper by W. A. Wildhack and D. S. Goalwin of the National 
Bureau of Standards, presented at the winter meeting of the Institute of the 
Aeronautical Sciences in New York. The paper describing this development 
of W. A. Wildhack and associates, including J. M. Davis, Murray Eden, and 
C. Eye, was released by the Bureau of Aeronautics, Department of the Navy, 
under whose sponsorship this work was done at this Bureau. 
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little as one-fifth. When oxygen is carried as a gas on 
aircraft, the cylinders must be recharged both in and 
out of the plane by connection to storage cylinders, and 
the storage cylinders have to be shipped, recharged, and 
reshipped. For military use, the returning of heavy, 
empty gas cylinders from advanced bases for refilling 
has been a serious logistics problem. 

Although the advantages of supplying oxygen in 
liquid form have long been recognized, its wide- 
spread use has been prevented by the disadvantage 
of continuous evaporation losses during storage and 
the necessity of controlling the build-up of pressure 
to that required for operation (about 50 pounds per 
square inch for oxygen breathing regulators). The 
program for the development of liquid oxygen equip- 
ment undertaken by this Bureau resulted in the design 
of a liquid oxygen converter permitting rapid attain- 
ment of any preassigned value of pressure. However, 
evaporation losses during storage are still something 
of a limitation, especially with small containers. 

The NBS Liquid Oxygen Converter consists of a 
standard 25-liter metal Dewar flask modified by the 
addition of a bottom drain, together with two coils, one 
for build-up of pressure and one for warming the gas 
as itis delivered. After it is filled with liquid oxygen, 
the flask may be sealed off from the atmosphere. 
When oxygen gas pressure is to be built up, a valve is 
opened, allowing liquid to flow through a drain tube 
and liquid trap at the bottom of the flask and into the 
build-up coil, where it is evaporated and warmed by 
the atmosphere. The warm gas rises through the coil 
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by thermal convection until it enters the top of the 
flask, where it mixes with the gas above the liquid. 
Here some of the gas condenses on the liquid surface, 
but the condensed gas is immediately replaced by 
freshly warmed gas and the cycle continues, gas pres- 
sure rising quickly. Once pressure is established, gas 
may be withdrawn by forcing liquid through the bot- 
tom drain into the withdrawal coil, where it is evapo- 
rated and warmed by the atmosphere as it passes to 
the outlet mechanism. Excessive rise in pressure is 
prevented by the closing of an automatic bellows-type 
valve in the build-up coil, which stops the flow of 
additional gas to the top of the flask. At higher pres- 
sures another pressure-actuated valve—the “econo- 
mizer’—vents gas directly from the top of the con- 
verter to the delivery coil. When this circuit is open, 
any withdrawal of gas drops the pressure quickly to 
operating values. Two pressure relief valves are also 
provided, one in the build-up tube and the other in the 
delivery line. 

The fact that it is not necessary to heat the entire 
mass of liquid to raise the pressure constitutes an im- 
portant difference between this and earlier types of 
liquid oxygen converters. The rapid decrease in density 
of the liquid with increasing temperature makes pos- 
sible a relatively warm surface layer in the liquid, as 
very little heat is lost from this layer to the rest of the 
liquid by convection. Thus, the heat transferred to the 
gas as it passes through the build-up coil is largely re- 
tained in the space above the liquid in the container, 
and a rapid increase in pressure results. 

The total converter unit is 25 inches high and 18 
inches in diameter. It weighs 60 pounds and holds 62 


pounds of oxygen, enough for 10 men for 10 hours. To 
supply this quantity of oxygen from gas cylinders at 
1,800 pounds per square inch would require 21 tanks of 
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514 cubic inches each, which would weigh a total of 350 
pounds when empty. For flows up to 150 liters per 
minute (5 cubic feet per minute), gas is delivered 
within 5° C of atmospheric temperature. Flow rates 
over 10 times as great may be obtained, but at these 
larger flows the delivered gas is colder. 

Pressure may be built up, when the container is full, 
from 0 to 65 pounds per square inch in 10 seconds. 
The flask is somewhat stronger than the standard Dewar 
flask and will withstand internal pressures of 200 pounds 
per square inch. Pressure once achieved is quite 
stable, and although it drops with vigorous shaking, 
recovery is almost instantaneous. The depth of the 
liquid in the container is measured by a differential 
bellows-type manometer connected between the bottom 
drain and the top of the neck of the Dewar. To permit 
the converter to operate even in an inverted position, a 
gravity circuit is provided, consisting of a line from the 
top of the neck of the Dewar to the bottom of the 
delivery coil. It contains a gravity-controlled valve 
that opens only when the apparatus is inverted. 

The converter has successfully withstood tests at the 
National Bureau of Standards and other Government 
laboratories under conditions of severe vibration (3,000 
cycles per minute), rapid acceleration (nine times the 


The NBS liquid oxygen converter (right) represents a 
decided reduction in volume and weight of equipment 
used to store breathing oxygen in aircraft. The new 
25-liter device effectively replaces 22 514-cubic-inch gas 
cylinders (left). The liter flask (center) contains in 
liquid form the same amount of oxygen as does a single 
gas cylinder. 


acceleration of gravity), severe cold (-—-40° C), and 
severe heat (75° C). Performance at tilts up to 45° 
was not materially different from that observed in the 
erect position. When the apparatus was inverted, 
pressure rose somewhat more rapidly because of the 
shorter heat path from the atmosphere to the liquid in 
the neck, but in 5-minute runs the pressure rise was not 
generally sufficient to open the relief valve. Con- 
verters built on the NBS design by commercial manufac- 
turers have operated satisfactorily in flight tests carried 


out by the Air Force and the Navy at altitudes up to 
40,000 feet. 

In reliability and safety the new converter compares 
favorably with high-pressure gaseous oxygen systems. 
Wide variation is possible in container capacity, and in 
delivery flow, temperature, and pressure specifications. 
Thus, although designed specifically for aviation use, 
the device may be adapted with minor modifications to 
industrial and medical applications. 


Nature of Adhesion 


In recent years the nature of adhesion has become 
the subject of a fundamental research program at the 
National Bureau of Standards. This project, sponsored 
by various Government agencies, was initiated in 1945 
with a survey of the literature on adhesives and the 
theory of adhesion.? Because of the dearth of compre- 
hensive data in this field, the Bureau extended this pro- 
gram to include investigations of the adhesive prop- 
erties of a wide variety of adhesives and adherends. 
Results of this research, conducted by N. J. De Lollis of 
the Bureau’s organic plastics laboratory, have led to a 
better understanding of the specific attraction between 
various types of adhesives and adherends and hence 
more complete knowledge on the nature of adhesion.’ 

Prior experimental work on adhesives has been con- 
cerned largely with the development and use of prod- 
ucts for specific industrial purposes. For example, the 
aircraft industry has employed adhesives extensively in 
airplane assemblage. Current interest in sandwich 
construction also serves to emphasize the increasing im- 
portance of adhesives in new types of airplanes. The 
small-boat industry has made wide use of the more re- 
cently developed waterproof adhesives, not only in 
making plywood boats but also in forming boats under 
low pressure from glass cloth laminates. 

Among the adhesives included in the Bureau’s in- 
vestigation were cellulose nitrate, polyvinyl acetate, 
resorcinol-formaldehyde, casein, gum arabic, natural 
rubber, and neoprene. These were modified as little 
as possible, so that the relation between adhesive and 
adherend would be due to the simplest possible combi- 
nation. The adherends chosen, aluminum alloy, stain- 
less steel, paper phenolic laminate, plate glass, birch 
wood, and hard rubber, are a fair sampling of the ma- 
terials of industry, have a wide range of elastic mod- 
uli—the property best correlated with bond shear 
strength—and their chemical and physical structure 
make possible a variety of adhesive bonds. 

Test specimens were prepared by using each adhesive 
in turn with each adherend; only one adherend was used 
in any one specimen. The proper treatment of the 
adherend surfaces was found to be of primary impor- 
tance since, when exposed to ordinary atmospheric 
conditions, they usually pick up impurities in the form 

2, NACA Technical Note No. 989, Survey of adhesives and adhesion, R. C. 
Rinker and G. M. Kline, National Bureau of Standards. 

3 For further technical details see NACA Technical Note No. 1863, Compara- 


tive strengths of some adhesive-adherend systems, by N. J. De Lollis, Nancy 
Rucker, and J. E. Wier. 


of oxide, dust, or oil films. If dirt or impurities are 
present, close contact between the adhesive and the base 
adherend surface is prevented, and the best adhesive 
action is not obtained. 

Prior to preparation of metal-adherend specimens, the 
surfaces were cleaned of oil and grease by rinsing in 
volatile organic solvents followed by pickling in acid to 
remove any loose oxide film. The glass surfaces were 
prepared by soaking in a sodium dichromate-sulfuric 
acid solution, then rinsing with water. Birch wood, 
phenolic laminate, and hard rubber were sanded with 
No. 00 sandpaper. 

Specific bonding conditions for the test assemblies 
were developed for each adhesive, depending on the 
chemical and physical nature of the adherend. These 
conditions ranged from 3 pounds per square inch 
pressure, for a gum arabic adhesive, dried 20 hours at 
25° C, to 150 to 200 pounds per square inch pressure, 
for a rubber adhesive cured 7 hours at 140° C. 

The specimens, after conditioning for a minimum pe- 
riod of 7 days at a temperature of 25° C and 50-percent 
relative humidity, were tested at the same temperature 
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STRENGTH , 10°LB/IN* 


COMPARATIVE BOND STRENGTH VALUES 
GROUPED ACCORDING TO ADHERENDS USED 


Bond strengths developed by various adhesives are com- 
pared in the NBS study of adhesive-adherend systems. 
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and humidity for shear, tension, impact, and fatigue 
properties. All combinations were subjected to the shear 
and tensile tests. The impact test provided a means 
for studying differences between a brittle and a rubbery 
bond, and the fatigue test was utilized to investigate how 
a thermosetting and a thermoplastic bond differ. 
Except for glass specimens bonded with polyvinyl 
acetate and cellulose nitrate, a tensile shear load, applied 
to a double-lap-joint specimen, was used in every case 
for the shear-strength determinations. Glass proved too 


Special clamping frames were designed for preparation 
of tensile-adhesion specimens. For each adhesive it was 
necessary to develop specific bonding conditions, de- 
pending on the chemical and physical nature of the 
adherend. 


brittle when subjected to tensile-shear loads of more 
than 200 to 300 pounds per square inch. However, 
compression-shear specimens were able to withstand 
loads of more than 2,500 pounds per square inch. 

Tensile-adhesion values were obtained by using 
dumbbell-shaped specimens * with contact areas of 1 
square inch, 14 square inch, and 14 square inch. When 
the adherends were much weaker than the adhesives. 
dumbbell-shaped specimens with the smaller contact 
areas were prepared in order that the specimens would 
fail at or near the bond interface. 

The rate of loading in both the shear and tensile 
tests was adjusted within the limits of 200 to 1,000 
pounds per minute, so that failure of the bond would 
occur after approximately 3 minutes. Thus the time of 
fatigue would be about the same for all specimens. 

The fatigue properties of thermoplastic and thermo- 
setting resins were studied by using a double-lap tensile- 
shear specimen with a 14-inch overlap. By varying 
the width of such specimens—to which a 50- or 100- 
pound weight was attached—a range of shear stresses 
from 200 to 1,300 pounds was obtained. Impact- 
resisting properties of rubbery and brittle cements were 
compared, by using single-lap specimens of both alu- 
minum alloy and wood. These specimens were broken 
with a pendulum impact machine of 2 foot-pound 
capacity. 

An evaluation of the data gathered in this project 
was obtained by tabulating the results with respect to 
two fundamental properties of the materials involved. 
These are dielectric constant and modulus of elasticity, 


* ASTM Committee D-14 on Adhesives: Tentative method of test for tensile 
properties of adhesives (Aug. 28, 194i). 
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the former an electrical and the latter a mechanical 
property. The dielectric constant was considered to 
be of possible importance, since most modern theories 
attempt to explain adhesion on the basis of electrical 
forces. 

The tabulations tended to show greater correlation 
with the moduli of elasticity than with the dielectric 
constants. When a high-modulus adhesive was used 
with a high-modulus adherend, the bond strength was 
negligible. When a low-modulus material was used, 
its strength became the limiting factor in the strength 
of the bonded assembly. The best results were ob- 
tained when medium-modulus materials were used with 
each other or with high-modulus materials. For in- 
stance, resorcinol-formaldehyde, a high-modulus ad- 
hesive, provided no adhesive action with glass and 
metals, both of which are high-modulus adherends. 
However, it gave good results with wood, a medium- 
modulus adherend. Polyvinyl acetate, a medium- 
modulus adhesive, gave consistently good values with 
all the adherends. 

Results of these investigations indicate that there are 
many variables involved in adhesion and that the break- 
ing stress of a specimen is not always a measure of the 
adhesive-adherend bond strength. Instead it may be a 
measure of the cohesive strength of the adhesive or the 
adherend. A break at the adhesive-adherend interface, 
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Tensile-adhesion strengths of adhesive-adherend com- 
binations were determined with dumbbell-shaped speci- 
mens and self-alining grips in a universal hydraulic test- 
ing machine. To insure that the fatigue of all specimens 
would be the same, the rate of loading was adjusted so 
that failure of the bond would occur after approximately 
3 minutes. 


for example, may be attributed not so much to lack of 
adhesion as to the overshadowing effects of strains pro- 
duced by temperature differentials or by adhesive-layer 
shrinkage resulting from solvent evaporation. 

Chemical action between the adhesive and the ad- 
herend may also result in loss of strength in the bond 
assembly. This may be due to the weakening of the 
adhesive or adherend because of the chemical action, 
or it may be due to the formation of a weak chemical 
layer at the bond interface. 


As already mentioned, most present-day theories re- 
late adhesion to electrical forces. Such forces, which 
may arise from hydroxyl, acetyl, nitrate, and other 
polar groups, may be important in pure adhesion, but 
they tend to become secondary in an actual bonded 
assembly where other variables are of prime importance. 
The electrical forces, nevertheless, are probably the 
basic forces of adhesion and are always present. 

The problem therefore becomes one for which a 


means must be found to modify the other variables in 
order to make the fullest use of the basic attractive 
forces. For a more thorough study of adhesion, it is 
necessary to separate these variables, whether electrical 
or mechanical, and to study each one separately. The 
program at this Bureau is being planned with this in 
mind. At present a study of the heats of wetting 
properties is under way in an effort to evaluate the 
importance of various polar groups. 


Properties of Lightweight Aggregate Concretes 


Since the First World War, a wide variety of light- 
weight materials, both natural and processed, have been 
introduced and marketed as concrete aggregate. To 
obtain the engineering data needed for studies of the 
manner and extent to which lightweight aggregate con- 
crete may be useful in the present housing program, an 
investigation was initiated jointly by the National Bu- 
reau of Standards and the U. S. Bureau of Reclamation, 
at the request of and with the financial assistance of 
the Housing and Home Finance Agency. Results of 
the research at this Bureau show that it is possible to 
make concretes of low-cement content with excellent 
workability, sufficient strength, and adequate heat in- 
sulation for certain applications in building construc- 
tion. 

During both world wars, lightweight aggregate con- 
cretes were used to a limited extent as substitutes for the 
materials commonly employed in the construction of 
barges and ships. Lightweight materials also have 
been found advantageous for the floor construction of 
some of the world’s greatest bridges, and as both the 
fireproofing and the structural concrete in multi-story 
buildings resting on foundation materials of low-bear- 
ing capacity. However, the available supply of cin- 
ders and the expanded clay, shale, and blast furnace 
slag aggregates has been absorbed by producers of con- 
crete building blocks. The use of the lighter aggre- 
gates has been limited principally to concrete for 
thermal insulation and for roof and floor fillers. 

For some structures, the possibilities of economies 
resulting from a reduction in the weight of the concrete 
are apparent, notably for tall buildings constructed on 
soft foundations and for structures designed to resist 
strong earthquake forces. The advantages of lightness 
for materials used in the construction of housing struc- 
tures are not so obvious, except that tilt-up construction 
might be simplified and important savings effected in 
the cost of transporting and erecting precast panels. 
Data provided by the recent investigations will aid in 
determining the potentialities of lightweight aggregate 
concretes in housing structures. 

The studies at this Bureau were limited to one sample 
of each type of aggregate material, except for three 
samples of slag. The investigation was also restricted 
to plastic concrete as distinguished from pressed or 
tamped concrete as used in concrete masonry units. 

Eleven lightweight aggregates (described in table 1) 
were included in the Bureau’s study. These consisted 


of exfoliated vermiculite; two processed materials, sin- 
tered diatomite and fly ash; expanded perlite, blast- 
furnace slags, shales, slates, and clays; and one nat- 
ural material, pumice. The samples of expanded slate 
and expanded clay were furnished for experimental 


TaB LE 1.——Description of lightweight aggregates tested 


Aggregate Description 


Exfoliated vermiculite.| A type of mica that has been expanded by 
the action of heat. The particles were 
soft and fragile and had flaky laminated 
structures. Color, brown to buff with 
metallic luster on laminated surfaces. 


Sintered diatomite_____ A processed diatomite that had soft chalky 
particles. Color, light tan to light pink. 


Perliteses =. sae ee An expanded perlite composed of frothy 
particles that. were fragile and irregular 
in shape. Color, white. 


Expanded slag No. 1.__| A slag expanded in the pit process. The 
particles were irregular, the relatively 
large cell structure creating a rough sur- 
face texture. Color, light to dark griy. 


Expanded slag No. 2.__| A slag expanded from runner. Similar in 
surface characteristics to expanded slag 
No.1. Color, almost black to light gray 
with occasional cream-colored particles. 


Expanded slag No. 3.__| A machine-processed expanded slag. Simi- 
lar in appearance to expanded slag No. 2. 
Color uniformly cream colored with only 
an occasional gray particle. 


Sintered fly ash_______- A processed material resulting from the 
combustion of powdered fuel in steam 
power plants. Similar in appearance to 
ordinary cinders, extremely rough and 
irregular in shape. Sample contained 
numerous black glass particles. Color, 
dark brown to black. 


PumiCest 22-2. heee- A natural lightweight material of voleanic 
origin. The particles contained uni- 
formly small cell structures. The sur- 
faces were fairly soft and granular in 
texture. Color, off white. 


Expanded shale_-___-_--_- A shale expanded by heat. The particles 
were angular but not sharp or rough. 
The internal structure was smaller, with 
more uniformly sized cells than the ex- 
panded slags. Color, uniformly medium 
gray. 


Expanded slate________ A slate expanded by heat with fairly well- 
rounded and reasonably smooth particles 
of laminar structures. Material pro- 
duced experimentally by the Bureau of 
Mines, College Park Station. Color, 
buff to brown. 


Expanded clay____--_--- A clay expanded by heat with well-rounded 
and fairly smooth surface and uniformly 
small cell structure. Color, tan to gray. 
Material produced experimentally by 
the Bureau of Mines, College Park 
Station. 
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purposes by the Bureau of Mines, College Park Station; 
the other nine were commercial products. For com- 
parison, Potomac River sand and gravel were also in- 
cluded and treated in the same manner as the light- 
weight aggregates. 

The investigation at the Bureau consisted of two 
parts: (1) Tests concerned with the properties of the 
aggregate themselves and (2) tests to determine the 
properties of concrete containing various proportions 
of cement and aggregates (table 2). Because of the 
angular character of the individual particles and their 
peculiar absorptive properties, techniques for testing, 
proportioning, and mixing the aggregates differed 
somewhat from those used for the ordinary natural 
dense-aggregate mixtures. 


TaBLE 2. Types of tests for aggregates and concretes 
Aggregate Concrete 

Sieve:analyses==- 22-3 = Compressive strength. 

ppecific sravityessse == eeee as Flexural strength. 

(NDSOTDtlOn senate ae Shrinkage. 

Wit Welch tae sae eee Absorption. 

Grading (mechanical analy- | Elastic modulus—static, dynamic. 

sis). 
Crushing strengihess===— Resistance to freezing and thawing. 
EE 2 STS Eee Dee Thermal conductivity. 


The proportions of cement to aggregate were such as 
to produce concrete mixtures from each aggregate con- 
taining nominally three, five, seven, and nine bags of 
cement per cubic yard of concrete. The consistency of 
each batch of concrete was measured by means of the 
standard slump test. Test specimens were prepared in 
triplicate, except for the compressive-strength and the 
thermal-conductivity tests. Five like specimens were 
used for the former and one for the latter. 

Air entrainment was found to assist materially in 
promoting workability of the concretes made from light- 
weight aggregates. Such entrainment of air enabled 
the cement and water to remain in suspension through- 
out the mass of the concrete, whereas without the air the 
ingredients would have segregated. The entrained air 
also acted as a lubricant, allowing the concretes to flow 
readily into the forms with a minimum amount of 
puddling or vibrating. Though it had a small effect in 
reducing the weight of concrete, the entrained air was 
greatly beneficial in increasing resistance to disintegra- 
tion by freezing and thawing. 


Physical and Mechanical Properties 


The lightweight concretes investigated ranged from 
one-fifth to three-fourths of the weight of ordinary sand- 
and-gravel concrete. The density, which varied with 
portland-cement content, ranged from less than 50 
pounds per cubic foot (vermiculite and perlite) to 110 
pounds per cubic foot. Sand-and-gravel concrete 
weighs about 145 pounds per cubic foot. The range 
between 70 and 110 pounds per cubic foot included the 
pumice, slags, sintered fly ash, and expanded clay, shale, 
and slate aggregate concretes. 

The compressive strength of air-dried concretes, 
tested at 28 days, was markedly affected by the amount 
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Concretes prepared from a variety of natural and processed | 
laboratories to determine their suitability for certain housing ;} 
are heat conductivity (upper left), structural soundness afte! 


(upper right), and transverse strength (lower right). 


of cement in the mix. Considering 5-sack-per-cubic- 
yard proportions, compressive strengths of the concretes 
ranged from less than 300 pounds per square inch for 
those with vermiculite and perlite aggregate to approxi- 
mately 5,000 pounds per square inch for that with sand- 
and-gravel aggregate. The majority of the lightweight 
concretes gave compressive strengths between 700 and 
2,500 pounds per square inch. The 7-sack mixes were 
materially stronger, ranging up to 6,000 pounds per 
square inch for expanded shale. 

As might be expected, the porosity of the concrete was 
found to increase as weight decreases, ranging from 50 
percent of water absorbed by volume for a 3-sack mix 
of vermiculite concrete (28 pounds per cubic foot) to 7 
percent for a 9-sack expanded clay (100 pounds per 
cubic foot}. The corresponding absorptions by weight 
were approximately 118 and 4 percent, respectively. 
With very few exceptions, porosity increased with de- 
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itweight aggregate materials have been studied in NBS and other 


ji¢ations. Among the more significant and important properties 
yeezing and thawing cycles (lower left), compressive strength 


crease in cement content. Use of air-entraining agents 
and increase in cement content improved durability of 
all concretes. 

The coefficients of thermal conductivity (k values) 
range from 1.7 to 2.4 Btu/hr ft? (° F/inch) for the 
pumice concretes tested at the National Bureau of Stand- 
ards as compared with values of 6.7 to 9.6 for sand and 
gravel concrete. Still lower k’s (0.75 to 1.6) were 
measured on the vermiculite and perlite concretes. 
These two materials represent the extreme in light 
weight but have the consequent drawbacks of low 
strength and high porosity with related uncertainty of 
behavior under weathering unless protected. However, 
their low density and very low heat conductivity pro- 
vide a great field of usefulness where strength is unim- 
portant. The slags, expanded clay, shale and slate, sin- 
tered fly ash, and pumice are intermediate in their prop- 
erties and can be used in place of conventional sand-and- 


gravel concrete except where extremely high strength 1s 
required. The lower thermal conductivity and lighter 
weight of these materials are advantages in practically 
all constructions. 

The Bureau’s investigations showed, in summary, 
that concretes, weighing as little as one-fifth the weight 
of ordinary concrete, are possible by using lightweight 
aggregates. Though these extreme lightweight con- 
cretes developed little strength, thermal conductivities 
as low as one-tenth that of sand-gravel concrete were 
exhibited. Other lightweight-aggregate concretes de- 
veloped compressive strengths between 1,000 and 7,000 
pounds per square inch, and weighed approximately 
one-third to two-thirds as much as sand-gravel concrete. 
Their thermal conductivities when dry were of the order 
of one-fourth to one-half those of the ordinary dense 
concrete. Most lightweight aggregates had relatively 
high water absorption, and shrinkage of the concretes 
made with them was approximately two or more times 
that of dense aggregate concrete. Except for lean 
3-bag mixes, lightweight concrete containing air- 
entraining agents, in general, exhibited remarkable re- 
sistance to laboratory freezing and thawing tests of a 
rather severe nature. 
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Average drying shrinkage (100 days) of lightweight ag- 
gregate concretes. 
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Research Underlying a National Uniform 


Plumbing Code 


Plumbing research at the National Bureau of Stand- 
ards—directed at some of the most controversial plumb- 
ing problems—has provided certain comprehensive 
quantitative data required by code-writing authorities in 
preparing a proposed uniform plumbing code. This 
research program was undertaken by the Bureau at the 
request of the Housing and Home Finance Agency when 
it was fully realized that such a code might well play 
an important part in relieving a serious hindrance to the 
Nation’s housing program resulting from the unrelated 
codes now in existence. Because existing data relating 
to the complicated flow characteristics in a drainage 
system are highly empirical, the Bureau’s investigations 
were conducted in part with full-scale home plumbing 
systems of transparent plastic pipes, thereby permitting 
visual and motion-picture studies of the flow conditions. 
Working in close cooperation with this project are the 
code-writing authorities, which make up the Uniform 
Plumbing Code Committee. This group consists of 
representatives of the National Association of Master 
Plumbers, the United Association of Journeymen and 
Apprentices of the Plumbing and Pipe-Fitting Industry 
of the United States and Canada, the Housing and 
Home Finance Agency, the U. S. Public Health Service, 
and the National Bureau of Standards. 

Today considerable confusion has resulted from the 
fact that each of more than 1,500 of the Nation’s cities 
and towns has its own plumbing code, many of them 
differing, not only in details, but often in matters of 
major importance. Many of these codes are obsolete, 
contain many restrictive provisions, and do not embody 
improvements that have been made in plumbing in re- 
cent years. Often the provisions have no sound techni- 
cal basis but are the result of more or less intelligent 
guesses that have become fixed over a period of years 
as a result of use. 

Such a wasteful situation has imposed unnecessary 
expense on the public in many different ways. Design- 
ers and contractors must be familiar with the multi- 
tudinal details of the different codes in the various 
communities in which they operate. Materials that can 
be used in one city are prohibited in another. The in- 
terpretation of code requirements is often difficult, lead- 
ing to time-consuming negotiations and sometimes the 
removal and replacement of construction partially com- 
pleted. Manufacturers must furnish different varia- 
tions of a given device or product to meet the varying 
requirements in different localities instead of standard- 
izing their product. Unnecessarily large pipe sizes 
must be used, and vents that are not needed must be 
installed. This situation results in the useless expendi- 
ture of millions of dollars annually, to say nothing of 
the cost of unnecessary delays. The provision of 


Plumbing systems, with pipes and fittings of transparent 
plastic, have been erected at the Bureau for studying 
technical problems involved in developing a Nationwide 
Uniform Plumbing Code. 
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adequate housing is thus retarded at a time when a 
serious housing shortage exists. 

The seriousness of the situation has been recognized, 
as evidenced by the several plumbing codes proposed 
by interested organizations as national standards for 
adoption by municipalities throughout the Nation. 
Among these are the proposed codes of the National 
Asscciation of Master Plumbers, the Western Plumbing 
Officials Code, and the American Standard Plumbing 
Code approved by the American Standards Association. 

The Federal Government has also cooperated in the 
promotion of more adequate plumbing codes through 
the publication by the National Bureau of Standards 
in 1923 of Recommended Minimum Requirements for 
Plumbing, in Dwellings and Similar Buildings, fol- 
lowed in 1929 by a publication of similar title apply- 
ing to all types of buildings, and more recently through 
the publication in 1940 of Building Materials and 
Structures Report BMS66, Plumbing Manual. The 
most recent effort of the Government to secure a gen- 
eral improvement in plumbing code requirements 
throughout this country was the establishment of the 
Uniform Plumbing Code Committee under the sponsor- 
ship of the Housing and Home Finance Agency, for the 
purpose of writing a proposed uniform plumbing code. 

The serious lack of sound technical data on which to 
base some of the requirements of the code was appreci- 
ated from the beginning. One of the committee’s first 
and most far-sighted acts was to take steps to remedy 
this deficiency in regard to certain portions of the code. 
With the support of the National Housing Agency 
(later of the Housing and Home Finance Agency), 
which financed the experimental work, arrangements 
were made with the National Bureau of Standards to 
conduct a comprehensive series of tests designed to 
throw light on certain matters involved in the code. 

The factors that the Bureau was asked to investigate 
experimentally were (1) the self-siphonage of the traps 
used with such fixtures as lavatories, bathtubs, and 
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sinks; (2) the suitability of stack venting of fixtures; 
and (3) the conditions under which wet venting of fix- 
tures would be satisfactory. These were some of the 
most controversial subjects that would have to be con- 
sidered in the writing of the code. The investigation 
centered on the siphonage of fixture traps in one- and 
two-story houses under different venting conditions; 
that is, the reduction of water seals in the fixture traps 
caused by pressure fluctuations in the building drainage 
system under various venting conditions. 

In order to carry out this experimental investigation, 
three typical plumbing drainage systems were con- 
structed in the Hydraulics Laboratory at the National 
Bureau of Standards. These systems were complete in 
every detail; each including a stack with horizontal 
branches or fixture drains, a building drain, and build- 
ing sewer, and a street sewer. The street sewer was so 
arranged that flows up to 300 gallons per minute could 
be passed through it independently of flows from the 
stacks. Thus any desired degree of submergence of 
the house sewer could be simulated. 

Recognizing the importance of being able to observe 
visually and photograph the complicated flow con- 
ditions, the systems were constructed entirely of trans- 
parent plastic pipe and fittings. Transparent metha- 
crylate plastic pipe was available commercially in the 
desired sizes; stack fittings were manufactured of the 
same material with their internal dimensions accurately 
duplicating the dimensions of the commercial metal 
fittings. 


Full-scale systems for two-story duplex houses exactly 
duplicated ordinary home plumbing except for the trans- 
parent plastic pipes and fittings. Complicated flow con- 
ditions could thus be observed visually and photographed. 


Two single-story drainage systems were erected; the 
first of them representing a stack-vented system and the 
other a wet-vented system. In addition a two-story 
system was constructed corresponding to a duplex in- 
stallation with bathrooms and kitchens back-to-back. 
In this installation the two groups of bathroom fixtures 
on the top floor were wet vented, and the two sinks on the 
first floor were back vented. The use of smooth plastic 
pipes, for the most part, made the test conditions more 
severe than would have been the case if the conventional 
metal pipes had been used. However, in order to assure 
that the test results would be directly applicable to 
service conditions, most of the tests were duplicated with 
metal traps, drains, and fittings in those portions of the 
systems in which the pipe material might in any way 
affect the results. 

The investigation of fixture-trap self-siphonage in- 
volved the determination of the influence of such factors 
as the length, diameter, and slope of fixture drains, all 
of which may affect the seal loss in a trap when the 
fixture attached to the trap is discharged. For example, 
if the length of fixture drain between the trap and the 
point where a vent pipe to the atmosphere is connected 
to the drain is sufficiently great, an excessive reduction 
in the water seal of the trap will occur when the fixture 
is discharged. It is conceivable that under certain 
conditions the depth of water remaining in the trap will 
be so small that undesirable amounts of sewer gas would 
be admitted into the dwelling. For this reason, most 
plumbing codes place some restriction on the permis- 
sible distance between a fixture trap and its protecting 
vent. Basically, the problem of determining what this 
permissible length should be is simple, and it might 
have been expected that experimentation and experience 
would long since have determined this dimension. 
Nevertheless, such is not the case, and there is little or 
no uniformity among plumbing codes on this point. 

The range in diversity of plumbing code requirements 
on this subject is well illustrated by the codes of two 
of the larger eastern cities. One requires that the un- 
vented length of a fixture drain must not exceed 2 feet, 
whereas the other permits lengths of as much as 8 feet. 
The tests conducted at this Bureau under the sponsor- 
ship of the Housing and Home Finance Agency have 
shown why confusion on such a relatively simple prob- 
lem could be possible. These investigations have 
demonstrated that the slope and diameter of the fixture 
drain, the various dimensions of the trap, the type of 
fitting joining the fixture drain to the vent, the rate of 
discharge from the fixture, and the shape and size of the 
fixture, as well as the distance between the trap and the 
vent fitting, all have an important effect on the observed 
trap-seal losses. 

For example, nominal 114-inch-diameter lavatory 
traps are not standardized. These traps may be made 
of drawn brass tubing with an internal diameter of 154 
inches, or they may be cast from brass or some other 
metal, in which case they may have an internal diameter 


73 


of 11% inches or even as much as 1.61 inches. Tests 
have shown that traps with small internal diameters are 
more subject to seal losses from self-siphonage than 
traps having larger internal diameter. Hence a par- 
ticular cast trap may not yield results even approxi- 
mating those obtained with a tubing trap. 

In like manner, lavatories, as well as other fixtures, 
are made in a variety of sizes and forms. Tests on 
the 18- by 20-inch lavatory have shown it to have, under 
certain conditions, less favorable self-siphonage char- 
acteristics, because of its smaller surface area, than the 
20- by 24-inch lavatory. Again the Bureau investiga- 
tions have revealed that the use of a short-turn drainage 
fitting at the end of the fixture drain where the vent 
connects to the system is in general preferable to the 
use of a long-pattern fitting. In addition, the rate of 
discharge from a fixture, which may be substantially 
affected by small changes in the size and shape of the 
outlet orifice, was found to exert an important effect 
on the results of the self-siphonage tests. This effect is 
sufficiently pronounced that it can sometimes be 
observed with fixtures of the same manufacture and 
model number, identical in every respect, except for 
small differences in the bevel provided on the outlet 
orifice to accommodate the rubber stopper. 

Under these circumstances it obviously could not be 
expected that tests made in one city would yield results 
on the permissible unvented length of fixture drain that 
would be in any way comparable with test results 
obtained in another city, unless care were taken to in- 
sure that the traps, fixtures, vent fittings, and the other 
variables entering into the problem had been properly 
considered. Because of these facts, aside from their 
present use by code-writing authorities, it is possible 
that the data on self-siphonage will effectively aid in 
securing uniformity in the hydraulic characteristics 
of lavatories and fixture traps. 

The investigation of the merits of stack venting of 
plumbing fixtures was made on a single-story system, 
complete with stack, building drain, building sewer, 
and street sewer. Fixtures are said to be stack-vented 


when they are grouped closely around the vertical stack 
with their drains connecting to the stack with no other 
venting. For a number of years stack venting has been 
advocated for a single-story system (or the top floor of 
any system) as offering adequate drainage and venting. 
At the same time it permits a reduction in cost as com- 
pared with the conventional back-vented system. This 
is possible because separate vent pipes to each indi- 
vidual fixture are not needed. Stack venting of fixtures 
has been one of the more controversial questions in the 
plumbing industry; it is permitted by many codes, 
whereas others prohibit it. The tests made at the Bureau 
have shown conclusively that under certain conditions 
stack venting of plumbing fixtures is a satisfactory 
method of venting. 

The third problem investigated with reference to the 
proper venting of individual plumbing fixtures was the 
method commonly termed “wet venting”. In this 
method of venting, a portion of the drain of one fixture 
serves as the vent of another fixture. Opponents of wet 
venting have claimed that a single pipe cannot ade- 
quately serve both as a vent and as a drain, and for this 
reason a large number of plumbing codes prohibit this 
type of venting. Nevertheless, in recent years there has 
been, because of the possible economy involved, a trend 
among code-writing authorities toward permitting the 
wet venting of plumbing fixtures under certain condi- 
tions. The specific problem given to the Bureau by the 
Uniform Plumbing Code Committee and the Housing 
and Home Finance Agency was to determine the factors 
affecting the performance of wet-vented traps in one- 
and two-story drainage systems and to determine under 
what conditions such venting would perform its func- 
tion properly. The tests have shown that wet venting 
of one- and two-story drainage systems, with relatively 
simple restrictions on the fixtures involved and on the 
sizes of the wet vents, is entirely practicable and that 
under such circumstances advantage may be taken of 
the savings afforded by wet venting, as compared with 
back venting. 


New Uses for Magnetic Fluids 


The magnetic fluid originally used in the electro- 
magnetic fluid clutch developed at the National Bureau 
of Standards has several unique features that make 
possible other important applications of iron-oil mix- 
tures. Further studies of the properties of these mix- 
tures have revealed that magnetic fluids can be em- 
ployed to good advantage in hydraulic systems, shock 
absorbers, and dash pots; to form casting molds; and 
as variable electrical resistors. The basic property 
on which all these applications depend is that the vis- 
cosity of a magnetic fluid is directly related to the 
strength of the applied magnetic field—the fluid may 
be changed from a liquid to a nearly solid state and 
back again at will. 

In some applications extreme fluidity is required at 
all times, whereas in others a thixotropic characteristic 
is needed. Thixotropic fluids are characterized by 
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isothermal reversible gel-sol-gel transformations under 
shearing and subsequent resting. Mayonnaise, a good 
example of a thixotropic fluid, resists flow when its 
container is turned over, but may be stirred easily with 
a spoon. Honey, a nonthixotropic material, flows like 
all ordinary fluids but, because of its high viscosity, 
resists stirring. 

When a magnetic fluid is used in a nonrotating de- 
vice, the iron particles in the mixture must remain in 
suspension and not settle out. One way of achieving 
this is to use a thixotropic fluid. Another way is to 
maintain a small magnetic field in the mixture during 
idle periods. In rotating machinery, settling is less 
important as long as the iron powder can be readily 
remixed with the fluid. This can be achieved by add- 
ing a surface-active ingredient to the iron-oil mixture. 

One engineering application proposed in the Bu- 


A laboratory model of a magnetic valve to control the flow of magnetic fluid in a hydraulic system has been built at 
the National Bureau of Standards to test one of the many possible uses for the fluid originally used in the Bureau’s 


magnetic fluid clutch. 


The magnetic valve is formed by winding a coil of wire around a pipe carrying magnetic 


fluid and then adjusting the electric current through the coil to control the rate of liquid flow. At left, the magnetic 
valve assembly is shown with zero current in the coil, resulting in full flow of the magnetic fluid; at right, the cur- 


rent is great enough to completely stop the flow. 


reau’s preliminary investigation of new uses for mag- 
netic fluids is the magnetic fluid dash pot. Basically, 
a dash pot consists of a piston moving in a fluid-filled 
cylinder with the viscosity of the fluid resisting the 
piston motion. In a conventional dash pot the rate of 
travel of the piston is determined by the external force, 
the fluid pressure on the piston, the dimensions of the 
fluid escape vent, and the fluid viscosity. Although the 
viscosity of the fluid depends to a large extent on its 
temperature, the speed of piston travel is not ordinarily 
regulated by controlling temperature. The only vari- 
able usually controlled is the pressure on the piston. 
The rate of piston travel can be adjusted mechanically 
by providing a variable orifice in the piston or in the 
cylinder wall—a method that presents a number of 
complications. 

On the other hand, if a magnetic fluid is used in the 
dash pot the rate of motion of the plunger can be 
readily controlled by magnetically varying the viscosity 
of the fluid. If a coil of wire is placed around the dash 
pot, the viscosity of the magnetic fluid will be a function 
of the current in the coil. Employing this idea in the 
design of shock absorbers for automobiles and trucks 
would provide an adjustable riding quality to meet 
various loading and roadway conditions. The rate of 
response of the magnetic fluid is high enough to provide 
virtually instantaneous ‘changes in viscosity, thereby 
making possible a shock absorber with automatic com- 
pensation. 

The electromagnetically controllable fluid offers in- 
teresting possibilities for use in hydraulic systems. If 
a hydraulic system is filled with a magnetic fluid, 
valving becomes extremely simple: By winding a coil 
of wire around a fluid-carrying pipe and controlling 
the amount of current through the coil, the flow of fluid 


Other suggested applications of magnetic fluids include shock 
absorbers, dash pots, casting molds, and electrical resistors. 


past that point can be closely regulated from full flow 
to complete cut-off. An obvious advantage of this 
scheme is that various points in a hydraulic system can 
be remotely controlled from a central station. 

Electromagnetic fluids are also being investigated for 
use in molding operations. A fluid is placed in a pot 
surrounded by a current-carrying coil, a model of the 
part to be cast is placed in the fluid, and the coil is then 
energized so that the fluid will solidify around the 
model. When the model is removed, a detailed im- 
pression remains outlined in the solidified magnetic 
fluid. Molding compound can then be poured into the 
mold and allowed to harden. After the coil current 
is turned off the molded replica can easily be removed 
from the liquid. In any application of this kind, the 
boiling point of the magnetic fluid must of course be 
higher than the temperature of the molten casting 
material. 

An electrical resistor adapted to remote control can 
be made by immersing two electrodes in a magnetic 
fluid. When the fluid is in an unmagnetized condition, 
the resistance between the two electrodes will be ex- 
tremely high because of the very loose contact among 
the conductive iron particles that are randomly dis- 
tributed in the nonconductive oil. In the presence of a 
magnetic field, however, the iron particles apparently 
form chains along the lines of magnetic flux and draw 
into close physical contact. The flux density will deter- 
mine the massiveness of the chain and, thus, the con- 
ductivity of the mixture. When the system is de- 
energized, the conductance does not drop back to its 
former very low level. This property of magnetic fluid 
resistors is attributed to the coherer effect that has been 
previously investigated by Branley, Marconi, and 
others. 


75 


The success or failure of any device utilizing mag- 
netic fluid will depend to a considerable extent on the 
particular components in the iron-oil mixture, the 
choice of suspension fluid and iron powder in large 
measure being determined by the application for which 
the mixture is intended. The iron powder is one com- 
ponent of the mixture not generally varied from one ap- 
plication to another, since certain properties are con- 
sidered essential for satisfactory operation: In order 
to achieve maximum magnetic efficiency, the iron pow- 
der must have high permeability; to minimize wear and 
abrasion on moving parts the particles should have 
smooth, continuous exteriors; and the iron powder 
must be chemically stable, resisting oxidation in the 
suspension fluid. 

In mixtures where it is essential to prevent settling 
and sedimentation, the particles should be of uniform 
size and no larger than about 20 microns in diameter. 
A great many powders have been tried at the Bureau, 
including pure iron, alloys, oxides, and ferrites. The 
powder that has proved most universally successful is 
a carbonyl iron in the form of particles about 8 microns 
in diameter. 

The choice of a suspension fluid is not so simple. 
Some of the factors that must be considered are chemi- 


cal stability, flammability, vapor pressure, and viscos- 
ity. In any magnetic fluid device where there is con- 
siderable mechanical movement, the viscosity of the 
suspension fluid may be especially important, and if 
it is desirable to hold the viscous drag at a low value 
during nonenergized periods, a low-viscosity fluid must 
be used. The fluids must also be chemically stable in 
the presence of the iron powder and should not become 
sticky or gummy at high temperatures. 

In earlier experiments at the Bureau, it was found 
that many ordinary lubricating oils have enough sulfur 
in them to cause rapid oxidation and clumping of the 
iron particles. It was also found that many animal oils 
(including lard or sperm) tend to catalyze and become 
gummy and solid. One type of fluid that is remarkably 
stable in the presence of iron powder is a silicone liquid 
that has a viscosity of around 50 centistokes at 25° C. 
It is excellent with respect to nonflammability and 
vapor pressure, and this versatile fluid will serve sat- 
isfactorily in nearly all but extremely high-temperature 
applications. When it is necessary to operate a mag- 
netic fluid device at elevated temperatures, special com- 
pounds, such as fluorinated and chlorinated fluids can 
be used, but special precautions must be taken with the 
seals, since the vapors from these fluids are quite toxic. — 
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